Perovskite solar cells based on organometal halides such as CH3NH3PbI3 (MAPbI3) and CH3NH3PbI3−xClx (MAPbI3−xClx) have made rapid progress in the past several years. As a result, the power conversion efficiency (PCE) has been improved drastically from 3.8 to more than 20%. [1] [2] [3] [4] [5] [6] Recent studies have shown that such efficient device performance is due to excellent light-harvesting properties, [7] long charge carrier diffusion lengths, [8, 9] high charge carrier mobility, [10, 11] ultrafast charge generation and slow charge carrier recombination, [10] [11] [12] and small exciton binding energy. [13] [14] [15] [16] [17] On the other hand, the photovoltaic performance is highly sensitive to fabrication conditions of perovskites, which have critical impact on the morphology of perovskite films. [18] [19] [20] [21] [22] [23] Consequently, perovskite solar cells typically exhibit wide variations in the device efficiency even though they are fabricated by the same fabrication methods. This is probably because the crystalline growth of perovskite materials cannot be well controlled for efficient photovoltaic performance. As such, much effort has been devoted to obtaining uniform and dense perovskite layers with high reproducibility.
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Very recently, several groups have reported solution-processed fabrication methods based on solvent engineering for obtaining uniform and dense perovskite layers with high reproducibility. Seok and co-workers reported that uniform and dense perovskite layers can be obtained by spin-coating from a mixture solution of γ-butyrolactone and N,Ndimethylformamide (DMF), followed by toluene dripping during the spin-coating. [18] Independently, Cheng and co-workers reported that flat and uniform perovskite thin films can be obtained by a fast deposition-crystallization (FDC) method involving spin-coating from a DMF solution followed by chlorobenzene dripping during the spin-coating to induce crystallization. [23] Subsequently, Huang and co-workers reported that solvent annealing effectively increases the crystallinity and grain size of CH3NH3PbI3 (MAPbI3) films. [24] The average grain size can be increased up to 1 µm by this method. All these fabrication methods based on solvent engineering give flat, uniform, and dense perovskite films with high reproducibility. As a result, PCE has been improved to around 15%.
Herein we have prepared uniform and dense MAPbI3 perovskite layers with different grain sizes by the FDC procedure [23] and fabricated simple planar heterojunction solar cells without mesoporous scaffolds to avoid mixture of different sized grains formed in mesoporous and capping layers. By analyzing the intensity-dependent open-circuit voltage (VOC) on the basis of the Shockley-Read-Hall (SRH) model, we have shown that trap density increases with decreasing grain size, resulting in decreasing VOC. These findings indicate that there is still room for improvement in VOC in working devices. We further discuss the potential for enhancement in photovoltaic performance.
As shown in Figure 1 , MAPbI3 perovskite films fabricated by the FDC procedure are dense and pin-hole free with relatively uniform grain sizes over the entire substrate. This is in sharp contrast with MAPbI3 perovskite films with a poor coverage deposited by the conventional one-step spin-coating method as reported previously [2, 22, 23, 25] (see Figure S1 in the Supporting Information). As shown in Figure 2a , the grain size of the perovskite films fabricated by the FDC procedure increases with increasing concentration of the stock solution used to prepare the perovskite layer. These grain sizes obtained are consistent with those observed in scanning electron microscopy (SEM) images (see the Supporting Information). The grain size of MAPbI3 showed a wider distribution with increasing concentration of stock solution. These trends are in good agreement with the previous report. [23] The average grain size of MAPbI3 is estimated to be ≈100 nm for 25 wt% stock solution, ≈300 nm for 45 wt% stock solution, and ≈500 nm for 55 wt% stock solution. Interestingly, as shown in Figure 2b , the thickness of the perovskite layer L is the same as the grain size. This finding indicates that the perovskite layer consists of monograins in the direction normal to the substarte, which is consistent with the cross-sectional SEM images (see the Supporting Information). has an effect mainly on FF but has negligible impact on JSC and VOC. We therefore can safely discuss the origin of the improvement in JSC and VOC regardless of the hysteresis.
In order to discuss the photocurrent improvement, we measured the EQE spectra of the three devices. As shown in Figure 4a , the EQE signals decreased at longer wavelengths for the devices with smaller grain sizes but were almost saturated at more than 80% over the wide wavelength range from 350 to 750 nm for the device with the largest grain. The same trend was found in the absorption spectra measured in the reflectance mode as shown in Figure 4b .
This good agreement indicates that the photocurrent improvement is primarily attributed to the enhanced absorption due to the thicker active layer with larger grains. From the EQE and absorption spectra, the internal quantum efficiency was estimated to be almost 100% for
MAPbI3 perovskite solar cells with the largest grain size. Such a low reflection loss is in good agreement with a recent study on the optical properties of planar heterojunction MAPbI3 solar cells. [26] Our finding also suggests that these are negligible losses in the charge generation and collection even in thicker perovskite devices.
We next focus on the improvement in VOC for MAPbI3 perovskite solar cells with the larger grain size. In order to address the origin of the improved VOC, we measured the intensity dependence of VOC for the three devices as discussed in previous studies. [27] [28] [29] Under typical conditions, VOC is given by:
where nid is the ideality factor, kB is the Boltzmann constant, T is temperature, q is the elementary charge, and J0 is the saturation current density at reverse bias. Thus, the ideality factor is estimated from a slope in plots of VOC against the logarithm of JSC. As shown in Figure   5 , nid decreased from 2.7 to 1.5 with increasing grain size from ≈100 to ≈500 nm. In general, the direct recombination gives an ideality factor of unity and the Shockley-Read-Hall (SRH) recombination gives an ideality factor of 2 under a typical condition. [30, 31] Here, we will analyze the intensity-dependent VOC by considering both direct and SRH recombinations.
Under the open-circuit condition, VOC is equal to the difference between the quasi-Fermi levels (Ef h -Ef e ) and hence is generally given by:
where Eg is the bandgap nergy, NC and NV are the effective density of states in conduction and valence bands, respectively, and n and p are the density of electrons and that of holes, respectively. [27, 28, 32] The bimolecular radiative recombination rate (Rrad) is given by:
where ni and pi are the intrinsic density of electrons and that of holes, respectively, and Brad is the radiative recombination coefficient. Here, n and p are given by n =Δn + n0 and p = Δp + p0
where Δn and Δp are the density of electrons and that of holes photogenerated under the illumination, respectively, and n0 and p0 are the density of electrons and that of holes generated by unintentional doping given by Equation (4) and (5), respectively:
On the other hand, the trap-assisted SRH recombination rate is given by:
Here, BSRH is given by: , 2.84 × 10 15 cm −3 for MAPbI3 films with a grain size of ≈100 nm, ≈300 nm, and ≈500 nm, respectively. In the calculation, Brad is fixed to 3.0 × 10 −9 cm 3 s −1 for all the samples, [33] which has little or no impact on the resultant fitting from ≈10 −8 to ≈10 −10 cm 3 s −1
. The other parameters are taken from the literatures: NCNV = 1.09 × 10 37 cm −3 , [34] EC − Ef = 0.34 eV, EC − Et = 0.38 eV, [35] and Cn and Cp are set to be 1. , respectively. 
where Cn and Cp are the capture coefficients for electrons and holes at trapped sites, respectively, Nt is the density of trap states with an energy Et in the bandgap, and n1 and p1 are given by:
where n1 and p1 are the density of electrons and that of holes, respectively, when the Fermi levels of electron and hole are equal to the trap level. [36] [37] [38] In Figure 6 , the energy diagram of the SRH recombination is summarized. Under the open circuit condition, the charge generation rate G = JSC/qL is equal to the total recombination rate R = Rrad + RSRH. In other words, we obtain the relationship between JSC and the carrier density n and p. By substituting this relationship into Equation (2), we can simulate the dependence of VOC on JSC. As shown in . [35] The values of Nt calculated on the basis of Equation (2) are in good agreement with the recent reports, [39, 40] suggesting that these parameters assumed here are consistent estimates. The values of Nt estimated from our samples are comparable to defect densities in the highly ordered organic materials with single crystals, inclusive of rubrene and pentacene (10 15 -10 18 cm −3 ), [41] while they are higher than the values of Nt reported for a wide range of inorganic semiconductors, such as polycrystalline Si (10 13 -10 14 cm −3 ), [42] CdTe/CdS (10 11 -10 13 cm −3 ), [43] CIGS (10 13 cm −3 ), [44] and GaAs (10 13 -10 15 cm −3 ). [38] In our analysis, the trap depth energy EC − Et is evaluated to be 0.38 eV for all the grain sizes, which is in good agreement with the trap depth calculated for the vacancy of I. [35] The unintentional doping level EC − Ef is evaluated to be as shallow as 0.34 eV independently of the grain sizes. Such a shallow doping level causes imbalance carrier density of electron and hole because of unintentional doping, resulting in the ideality factor of less than 2 or more than 2. Interestingly, the unintentional doping level EC − Ef is close to the EC − Et = 0.38 eV, suggesting that the vacancy of I is the origin of unintentional doping and serves as a trap site. We note that the intensity-dependent VOC can be explained by the SRH recombination alone with the same parameters mentioned above, which are consistent with literature values evaluated by different methods. In other words, the trap-assisted SRH recombination is the primary loss mechanism in MAPbI3 halide perovskite solar cells. This is probably because our perovskite solar cells are highly efficient and hence have less recombination loss mechanisms.
We further discuss the potential for improvement in VOC in MAPbI3 perovskite solar cells. As mentioned above, Nt in our MAPbI3 perovskite films is comparable to that in organic semiconductor crystals but still higher than that in inorganic semiconductors. In other words, there is still room for improvement in Nt and hence VOC. Indeed, Shi et al. reported recently that the single perovskite grain with millimeter scale exhibits extremely low trap state densities on the order of 10 9 -10 10 cm −3 . [45] Assuming such low Nt in our analysis, VOC would be improved up to ≈1.27 V as shown in Figure 7 , which is comparable to Shockley-Queisser theoretical limit value of ≈1.30 V. [46] This is also consistent with a numerical simulation in planar perovskite solar cells. [39] On the other hand, a recent study has shown that perovskite solar cells with millimeter-scale grains exhibit a high PCE of 18% with an ideality factor of almost unity. [47] However, the VOC reported is not as high as predicted above but rather smaller than that of our device with a much smaller grain size of ≈500 nm. The smaller VOC with an ideality factor of almost unity cannot be explained by direct and SRH recombination alone, suggesting that other loss mechanisms are involved in the perovskite solar cell with millimeter-scale grains. For instance, such a small VOC may be due to the difference in the energy level alignment or surface recombination at the interface as reported previously. [49] [50] [51] We therefore should consider not only trap density but also other recombination mechanisms such as surface recombination in order to improve VOC furthermore.
In conclusion, we have demonstrated planar heterojunction perovskite solar cells with a layer structure of FTO/dense-TiO2/MAPbI3/spiro-OMeTAD/Au. The MAPbI3 perovskite layer was fabricated by the FDC procedure. By controlling the stock solution concentration, we obtained dense MAPbI3 layers with different grain sizes ranging from ≈100 to ≈500 nm. With increasing grain size of perovskites, all the photovoltaic parameters were improved. As a result, the best performance was observed in the reverse scan for the largest grain size (≈500 nm) of Figure 7 . VOC plotted against logarithm of Nt for the MAPbI3 perovskite film with a grain size of ≈500 nm. The radiative recombination coefficient (Brad) employed is taken from the literatures: [33, 48] 
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ToC figure ((55 mm broad, 50 mm high, or 110 mm broad, 20 mm high)) and with a scanning electron microscope (Keyence, VE-9800). Figure S1 shows the AFM height images of an MAPbI3 perovskite film via a conventional one-step spin coating procedure using a 25 wt% stock solution. The resultant film morphology exhibits textures of elongated crystal structures with an incomplete coverage on the substrate.
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These trends are in good agreement with the previous report.
[S1] Figure S1 . Atomic force microscope (AFM) height images of an MAPbI3 perovskite film via a conventional spin-coating procedure using a 25 wt% stock solution. The image areas are a) 5 µm × 5 µm and b) 3 µm × 3 µm. The scale bars are 1 µm. Figure S2 shows the SEM images of MAPbI3 perovskite films prepared from 25 wt%, 45 wt%, and 55 wt% stock solution. The resultant films are dense and pin-hole free with relatively uniform grain sizes over the entire substrate. The grain size of MAPbI3 increases with increasing concentration of the stock solution used to prepare the perovskite layer. This is consistent with that observed for the AFM images as shown in Figure 1 . keeping the corresponding device at a constant voltage potential for 60 s, in accordance with the literature. [S2] The resultant device parameters are summarized in Table S1 . Table S1 . Device parameters of the MAPbI3 perovskite solar cell in Figure S5b . 
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